In this report, the surface properties and microstructure of chromium-molybdenum steel samples prepared by two-stage gas nitriding with a short isothermal time in stage one are compared with those prepared by one-stage gas nitriding. Two-stage gas nitriding was performed with a short isothermal time in stage one followed by a second stage with lowered NH 3 partial pressure, while one-stage gas nitriding was performed under conventional conditions. The variation in microstructure, compound layer thickness (CL), nitrided case depth (d) and surface hardness (HVs) was clarified. In one-stage gas nitriding, the CL, d and HVs increase with increasing isothermal time. In contrast, in two-stage gas nitriding, the CL decreases with isothermal time in the second stage, and surface microstructure observations show partial dissipation of the compound layer. The d and HVs increase at a lower rate of increase than the values observed in one-stage gas nitriding. However, when the second stage temperature was increased in two-stage gas nitriding, the CL decreases and partially dissipates in a shorter time, and d increases at a faster rate than those observed for one-stage gas nitriding. The HVs exhibits a faster rate of increase in the second stage when a higher temperature was used, but the rate is lower than that observed in one-stage gas nitriding. These experimental results are briefly discussed in relation to the microstructure.
Introduction
In steel production, gas nitriding and related surface hardening treatments using nitrogen lead to the formation of a white layer (compound layer) of iron nitride at the surface. This layer is hard and brittle, and thus its thickness has to be strictly controlled. Under normal industrial conditions, the white layer is 1020 µm thick and is composed principally of ¾ (Fe 23 N) and £A (Fe 4 N) phases. To avoid causing cracks and breakages at the surfaces of tribological components and dies of steels, it is necessary to remove this layer by grinding treatments after nitriding. The layer thickness is defined as the compound layer thickness (CL) 1) and because of its white appearance in microstructure observations it is known as the "white layer". This layer is more corrosion resistant than the base alloy as can be observed in microstructure observations after application of an etching reagent. Because the CL significantly influences the size precision and service life of workpieces, it must be accurately controlled in gas nitriding.
Two-stage gas nitriding has been reported by C. Floe.
2,3)
As suggested, the technique involves two stages of nitriding. Following the first stage using conventional gas nitriding conditions, conditions of high temperature and high NH 3 dissociation percentage are used in the second stage, enabling an increase in the nitrided case depth and a decrease in the CL. 46) Because this technique consumes less NH 3 , the consumption of energy and resources is reduced and gas emissions are cleaner. In a typical two-stage gas nitriding process performed currently, the first stage uses conditions of T 1 = 520°C at a time t 1 = 510 h with a NH 3 dissociation percentage of ¤ 1;NH 3 = 1525%, while the second stage uses conditions of T 2 = 565°C, t 2 = 550 h and ¤ 2;NH 3 = 75 85%. 7) In studies of the phase equilibrium diagrams of such systems, 810 ) these conditions at the first stage are found to give a high nitriding potential, in which the ¾ phase is stable under local equilibrium conditions, and an ¾ layer and intermediate £A phase form at the surface. At the second stage, by applying a low nitriding potential through the use of a high ¤ 2;NH 3 , the ¾ layer is considered to decompose and dissipate as a result of the phase becoming unstable. The N yielded by this decomposition diffuses towards the interior and thickens the nitrided case depth while decreasing the CL. The high T 2 is thought to enhance these kinetics. To avoid simultaneous denitriding into the gas atmosphere, a certain amount of NH 3 partial pressure has to be applied during the second stage through a high ¤ 2;NH 3 . Because the denitrided regions can lead to surface cracks, appropriate second-stage conditions need to be selected to prevent the crack formation. However, using the treatment conditions described above, the CL is on the order of 10 µm after the first stage. It is predicted from model analyses that in the second stage a long t 2 is required to reduce the CL towards zero. Typically it takes several tens of hours or even hundreds of hours. 5) To maintain the diffusion of N towards the interior and to decrease the CL efficiently, some reports have described the introduction of N 2 gas, 11) and that the NH 3 gas flow is ceased 12, 13) at the second stage. However, because in this case the nitriding potential becomes zero, that is, no N is supplied from the atmospheric gas, denitriding may take place. Taking these factors into account, it may be supposed that by starting the second stage after first stage conditions of a small t 1 and a thin CL, it is possible to dissipate the CL and yield a sufficient nitrided case depth by using a small t 2 .
In the present research, the relationship between the microstructure and surface properties is investigated in onestage and two-stage gas nitriding with a short isotherm applied at the first stage. The behavior of the white layer and the nitrided case depth are clarified under different conditions for chromium-molybdenum steel.
Experimental
Chromium-molybdenum steel JIS-SCM435H is used for the samples. The chemical constituents are shown in Table 1 , which shows that it is equivalent to AISI-4135. Small pieces (2 © 2 © 4 mm) were cut from the as-received alloy ingot and supplied to the gas nitriding treatment soon after surface polishing with Emery paper (#1000 grit) and ultrasonic cleaning in ethanol. Nitriding treatment was performed in a copper tube furnace (º 8 mm © 1000 mm) under flowing NH 3 + H 2 mixed gas supplied at a total flow rate of 100 cm 3 /min. A part of the tube was heated in the electric furnace while inserting the sample into the heated zone in the tube using a stainless holder to perform one-and two-stage gas nitriding.
In one-stage gas nitriding (Nos. A1A4), a temperature of T 1 = 520°C, and an NH 3 gas partial pressure of P 1;NH 3 = 60% were used, as shown in the heat treatment diagram in Fig. 1 . At this time, the gas nitriding potential, which indicates the nitriding ability of the gas atmosphere, is estimated as K N1 = 60795 Pa/40530 Pa 3/2 = 7.5 © 10
¹3
Pa ¹1/2 , and t 1 is varied in the range of 7540 min. These experimental conditions are summarized in Table 2 .
In two-stage gas nitriding with a short isothermal time in stage 1 (small t 1 ), the flowing gas composition ratio was varied at the beginning of the second stage (stage 2). As shown in the heat treatment diagram in Fig. 2 , the gas atmosphere was changed while maintaining the isothermal temperature (Nos. B1B6). Here, conditions of t 1 = 7 min, T 1 = 520°C, and P 1;NH 3 = 60% were used at the first stage (stage 1), as determined from the results of one-stage gas nitriding. Here, the gas nitriding potential, K N1 = 7.5 © 10 ¹3 Pa ¹1/2 , is identical to that of Nos. A1A4. At stage 2, conditions of T 2 = 520°C and P 2;NH 3 = 13.3% were used and t 2 was varied in the range of 13173 min. Here, the gas nitriding potential is estimated as K N2 = 5.2 © 10 ¹4 Pa ¹1/2 , and the nitriding time is defined as t N = t 1 + t 2 (20180 min) hereinafter. These experimental conditions are summarized in Table 3 .
Further, two-stage gas nitriding with a small t 1 and a high T 2 was performed. As shown in the heat treatment diagram in Fig. 3 , the flowing gas composition ratio was varied (Nos. C1C5) and the temperature was increased to T 2 = 565°C at the beginning of stage 2, while maintaining the same conditions at stage 1. The time t 2 was varied in the range of 23173 min, but this value includes a transition time of 5 min between T 1 and T 2 . The gas nitriding potential at stage 2 is also K N2 = 5.2 © 10 ¹4 Pa ¹1/2 . For the samples Nos. B1B6 and Nos. C1C5, the NH 3 and H 2 gas flows were set to 20 and 130 cm 3 /min, respectively, to give a low NH 3 gas flow.
A thermocouple (K-type) for temperature control was set at a distance of 5 cm from the sample position. Non-reactive Ar gas at a flow rate of 100 cm 3 /min was applied during the heating period (10°C/min). The flow of NH 3 + H 2 gas was started simultaneously upon reaching T 1 . After the nitriding time t N , the electric power output and NH 3 + H 2 gas flow were set to zero and an Ar gas flow at 100 cm 3 /min was started. The sample was then cooled to room temperature in Surface Hardening and Microstructural Features of Chromium-Molybdenum Steel via Two-Stage Gas Nitridingthe furnace. The sample taken from the furnace was cut in half by a cutting machine and microstructure observations of the cut face (2 © 2 mm) after polishing were carried out using an optical microscope. The observed face was finished by buff polishing with a 0.1 µm diamond paste and etched with 5% Nital. The CL of each sample was determined from micrographs taken at three arbitrary sites. By measuring ten vertical lengths to the surface in each micrograph, the mean and standard deviation (·) were estimated from a total of thirty lines. The Vickers hardness was measured by a microhardness tester (Akashi HV-114) and hardness profiles were measured vertically along the cross-section surfaces by indentations made over 50 µm intervals. A load of 2.94 N and an indentation time of 15 s were used and the nitrided case depth (d) was determined as the distance from the surface to a point with hardness of 300 HV. The surface hardness (HVs) was determined using the same measurement conditions for five points on the sample surface after nitriding, and the mean and standard deviation (·) were estimated. Figure 4 shows the optical microstructure of one-stage gas nitrided samples prepared at t 1 = 7540 min (Nos. A1A4). The white layers can be observed on the sample surfaces. The lower parts exhibit the microstructure of the base alloy, with white ferrite regions and pearlite stripes apparent. In Fig. 4(a) , a very thin white layer can be seen after a short isotherm at t 1 = 7 min. With increasing t 1 the layer thickens, becoming considerably thicker at t 1 = 540 min (Fig. 4(d) ).
Experimental Results

One-stage gas nitriding
The phase constituents in the white layer of alloy steels have been investigated by several authors.
1315) Ratajski 14) performed gas nitriding on an AISI-4140 alloy, using conditions of 480°C / 8 h / K N = 20 for one-stage nitriding, and 480°C / 8 h / K N = 20 followed by 530°C / K N = 0.45 for two-stage nitriding. Phase constituents in the formed white layer were identified by X-ray analysis. Their results showed that the layer formed in one-stage gas nitriding contains a mixture of principally ¾ (phase fraction of 86%) and £A phases. The phase constituents in the white layer structure of Fig. 4 are assumed to be similar. Figure 5 shows the hardness profiles measured vertically along the cross-section surfaces of the samples. The HVs is plotted at x = 0. From this figure, it can be seen that the curves move upwards with increasing NH 3 partial pressure, P 1;NH3 (%) (%) Fig. 3 Heat treatment diagram and conditions for two-stage gas nitriding with a small t 1 and a high T 2 .
and 8, and are summarized in Table 2 . With increasing t 1 , the CL, d, and HVs increase monotonically from 1.17 to 6.96 µm, from 0.029 to 0.278 mm and from 368.3 to 845.9 HV, respectively.
3.2 Two-stage gas nitriding with a short isothermal time in the first stage Figure 9 shows the optical microstructure of the samples obtained by two-stage gas nitriding with a small t 1 (Nos. B1 B6). The white layer transforms with increasing t 2 from a layered morphology to a surface for which an increasing portion of the layer is dissipated. The thickness at locations where the layer remains is around 1 µm or even less. Figure 10 shows the hardness profiles obtained along the surface cross-section of the samples. The hardness profiles move upwards slightly with increasing t 2 , but their variation 
Vickers hardness / HV Distance from surface, x / mm Table 3 . From Fig. 6 , it can be seen that the CL of these samples roughly decreases with increasing t N . In Figs. 7 and 8 , the d and HVs generally increase with increasing t N , although d decreases slightly at t N 1/2 = 13.4 (t N = 180 min). The d and HVs are both lower than those obtained in one-stage gas nitriding. Figure 11 shows the optical microstructure of the samples obtained by two-stage gas nitriding with a small t 1 and a high T 2 (Nos. C1C5). The white layer has partially dissipated in sample No. C1 (t 2 = 23 min) and the region of dissipation increases with increasing t 2 , becoming almost completely dissipated in No. C3 (t 2 = 83 min). The time at which dissipation occurs is slightly less than that observed for Nos. B1B6. The rate of decomposition of the white layer is assumed to be enhanced due to the high T 2 . Figure 12 shows the hardness profiles measured vertically along the cross section surfaces of the samples. The hardness profiles move upwards with increasing t 2 , but the variation among samples is small at t 2 times above 83 min. The CL, d and HVs of the samples are shown as open squares in Figs. 6, 7 and 8, respectively, and are summarized in Table 3 . From Fig. 6 , it can be seen that the CL values are lower than those of Nos. A1A4, or even those of Nos. B1 B6. In Figs. 7 and 8 , the d and HVs increase almost monotonically with increasing t N . In Nos. C4C5, although the change in d is small (d = 0.1820.192 mm over t N 1/2 = 11.013.4), the values are comparable to those of Nos. A1A4 and larger than those of Nos. B1B6. The HVs values are lower than those of Nos. A1A4, but higher than those of Nos. B1B6. 
Vickers hardness / HV Distance from surface, x / mm 
Discussion
In the one-stage gas nitriding of Nos. A1A4, a gas nitriding potential of K N1 = 7.5 © 10 ¹3 Pa ¹1/2 (= 2.4 atm ¹1/2 ) was used. Referring to the Lehrer's diagram 8, 9) shown in Fig. 13 , a brief and qualitative explanation of the experimental results is discussed based on the general principles of gas nitriding. In the diagram, the condition at 520°C is indicated by point A, in which the stable phase at the surface is the ¾ phase and the N concentration at the ¾ surface is about 8.2%. The ¾ phase grows with increasing t 1 , and the CL thickens, resulting in increases in the d and HVs due to N diffusion through the ¾ layer. The conditions for stage 1 for Nos. B1B6 and Nos. C1C5 were set at these values. In stage 2, the gas nitriding potential was K N2 = 5.2 © 10 ¹4 Pa ¹1/2 (= 0.17 atm ¹1/2 ) and for Nos. B1 B6 a temperature of T 2 = 520°C was used. The stable phase at the surface is the ¡ phase (point B) and the N concentration at the ¡ surface is about 0.04%. For Nos. C1C5 prepared at T 2 = 565°C, the ¡ phase is also found to be stable at the surface (point C), but the N concentration at the ¡ surface is about 0.07%, which is higher than that for Nos. B1B6.
For Nos. B1B6 and Nos. C1C5 treated by two-stage gas nitriding, both the ¾ and £A phases formed at stage 1 become unstable at stage 2. Decomposition of these phases takes place, and decrement and dissipation of the white layer progresses as seen in Fig. 6 . On the one-hand, denitriding from the principal phase ¡ in the base microstructure does not readily take place due to the N concentration at the ¡ surface, and the N yielded by decomposition of the ¾ and the £A phases is thought to diffuse into the interior. However, because the N supply from the gas atmosphere to the surface is small, existing only at a concentration of about 0.04%, the rate of increase of d is small for Nos. B1B6.
Because Nos. C1C5 have a higher surface concentration than Nos. B1B6 a greater supply of N is assumed. N diffusion is promoted and decomposition of the white layer advances quickly due to the high T 2 . In fact, the CL values are below 1 µm for Nos. B4B5 and Nos. C1C5. These are smaller than that of No. A1, treated under the same conditions at stage 1, thus indicating decomposition of the white layer in stage 2. However, the HVs values are low in these samples. Taking into account the results of the microstructure observations, this is considered to be due to a decrement in the hard compound layer at the surface. The HVs values of Nos. C1C5 are larger than those of Nos. B1B6, which indicates that N diffusion in the solid was promoted along with precipitation of nitrides of Cr, Mo and other elements due to the high T 2 .
By regression fitting of As can be seen, the k values decrease from k = 1.29 © 10 ¹2 mm/min 1/2 to k = 0.82 © 10 ¹2 mm/min 1/2 for samples obtained from one-stage gas nitriding and two-stage gas nitriding with a small t 1 , respectively, showing that the rate of increase of d is lower in the latter case. However, a high T 2 is effective in increasing d as shown by the constant k = 1.59 © 10 ¹2 mm/min 1/2 obtained in two-stage gas nitriding with a small t 1 and a high T 2 .
These results show that the two-stage gas nitriding with a small t 1 is effective in controlling the CL, d and HVs. By starting stage 2 under the condition of a small CL after stage 1, a surface microstructure with a partially dissipated white layer and sufficiently thick nitrided case depth can be obtained. These characteristics should enable a reduction in the process time and resulting energy consumption. Also, a reduction in the white layer may reduce the grinding treatment required after nitriding. Further, the NH 3 gas flow is by approximately 76% lower for No. B6 and No. C5 than that of No. A3 over t N = 180 min. Although the same amount of H 2 gas is required complementarily in these cases, the reduction in NH 3 offers resource savings while also providing cleaner gas emissions and reduced cost. Vickers hardness / HV Distance from surface, x / mm Fig. 12 Vickers hardness profiles of the samples treated by two-stage gas nitriding with a small t 1 and a high T 2 , Nos. C1, C3, C4 and C5. The HVs is plotted at x = 0. 
Summary
One-stage gas nitriding, and two-stage gas nitriding with a small t 1 and those with a small t 1 and a high T 2 were performed on chromium-molybdenum steel samples. Variation in the microstructure and surface properties under different treatment condition was clarified.
In one-stage gas nitriding, the compound layer thickness, the nitrided case depth and surface hardness increase with isothermal time. In two-stage gas nitriding with a small t 1 , the compound layer thickness decreases with increasing t 2 and partial dissipation in the microstructure was observed. The nitrided case depth and surface hardness increase but the rates of change are lower than those observed in one-stage gas nitriding.
In two-stage gas nitriding with a small t 1 and a high T 2 , the compound layer thickness decreases with increasing t 2 and again partial dissipation in the microstructure was observed in shorter nitriding time. The nitrided case depth increases with time, but its rate of increase is well comparable to that of one-stage gas nitriding. The surface hardness also increases with time, but the rate of increase is low compared to that of one-stage gas nitriding as a result of the white layer being thin.
